We present two examples of exponential nucleic acid amplification with the polymerase chain reaction (PCR) in the presence of only one amplification primer. Cloning and sequencing of the PCR products generated by amplification of human genomic DNA revealed that the amplified sequence contained only one primer and its complement, at the two ends of the PCR product. Although these experiments were performed with primers derived from the sequence of the prostate specific antigen (PSA) gene and the normal epithelial cell-specific 1 gene (NES1), the amplified sequences were novel and had no homology with either PSA or NES1 DNA. While both PSA and NES1 genes reside on chromosome 19q13.3-q13.4, the amplified sequences were found by mapping to reside on chromosome 5q12 and 5p15.1-p15.3, respectively. When we examined the mechanism of amplification by PCR using one primer in these two cases, we found that there was a high homology between the PSA primer or the NES1 primer and the two regions flanking the amplified sequence of chromosome 5q12 or 5p15. This indicated that the single PSA or NES1 primer could anneal on both strands of the DNA of that region, and mediate the exponential amplification. Since this phenomenon occurred to us twice with a limited number of different PCR reactions performed in our laboratory (< 20), we believe that it may represent a common artifact of PCR. Moreover, it appears that the palindromic primer binding sites can anneal to each other forming DNA cruciforms.
INTRODUCTION
The polymerase chain reaction (PCR) amplifies exponentially DNA segments that reside between two oligonucleotide amplification primers (1) . The practical applications of this technique are widespread and the method is now used widely for both research applications and routine diagnostics. The exceptional sensitivity of the method is due to the exponential amplification which usually exceeds factors of 10 6 -fold in 30-40 cycles. Its specificity depends on the nature of the primers, the experimental conditions (e.g., annealing temperature, MgCl 2 concentration, etc.) and the complexity of the target to be amplified. It is generally possible to amplify very rare sequences embedded within the whole human genome. This exceptional specificity is partially due to the fact that a single mispriming event will not usually lead to exponential amplification. In order for a target to be exponentially amplified, the primers must bind to each one of the two DNA strands with their 3´-hydroxyl ends facing each other and the distance between the two primers should not exceed .
In this paper we describe two examples of exponential PCR amplification of human genomic DNA segments mediated by one oligonucleotide primer. Since the primers used were not specifically selected for this application, we suggest that this phenomenon may be a common artifact of PCR.
MATERIALS AND METHODS
We have used the following target DNAs: (a) human genomic DNA isolated from blood lymphocytes, (b) a plasmid that contains a 5-Kb human genomic DNA sequence, generated by subcloning a PAC (P 1 artificial chromosome) clone, and (c) a PAC clone (~ 100Kb) isolated from a human genomic DNA library (2) . The clone identity is PAC 731K2. The plasmid clone (from now on referred to as the SacI plasmid) and the PAC clone both contain a 450 base pair (bp) sequence of genomic DNA which was initially identified as *Correspondence to: Dr. E.P. Diamandis, Department of Pathology and Laboratory Medicine, Mount Sinai Hospital, 600 University Avenue, Toronto, Ontario, M5G 1X5, Canada. E-mail: ediamandis@mtsinai.on.ca described elsewhere (3). The 450-bp sequence was deposited in GenBank, accession number U90205. The 5-Kb sequence of the SacI plasmid has also been deposited in GenBank, accession number AF038385.
PCR Primers
The primers used in this study are as follows:
PSA-A1: 5´-TGCGCAAGTTCACCCTCA-3Ṕ SA-A2: 5´-CCCTCTCCTTACTTCATCC-3T
he above primers were designed from the sequence of the prostate specific antigen (PSA) gene and have been used previously to amplify PSA cDNA (4).
rimer L: 5´-GGACTACAAGGGCACACC-3T
hese primers bind internally to the 450-bp DNA sequence described above (also shown in Fig. 1 ) and they generate a 325-bp PCR product with a template that is either genomic DNA, the SacI plasmid or the PAC clone 731K2.
Primer NES1-5´-5: 5´-GGACCCTTGCCAGAGTGAC-3Ṕ rimer NES1-3´-5: 5´-GGATCAGCAGGAGCATAAC-3´T hese primers were designed using the computer program Oligo 5.0 (National Biosciences Inc., Plymouth, MN) for the purpose of amplifying the cDNA of the recently cloned NES1 gene (5) . NES1 cDNA is deposited in GenBank, accession number AF024605. A plasmid containing the NES1 cDNA was used as a positive control.
Polymerase Chain Reaction (PCR)
PCR was performed on genomic, plasmid, and PAC DNA with either one or two primers. PCR was carried out in a 20 mL reaction mixture containing 250 ng primers and 2.5 units of AmpliTaq DNA polymerase (from Roche Diagnostic Systems, Branchburg, NJ) using the Perkin-Elmer 9600 thermal cycler. Other conditions were as described previously (4) . For blank control, no DNA was added. The cycling conditions for PSA-A1 and PSA-A2 primers were 94°C, 5 min for 1 cycle followed by 30 cycles of 94°C for 30 sec, 50°C for 30 sec, 72°C for 30 sec with the last extension at 72°C for 10 min. For PCR using primers NES1 5´-5 and 3´-5, AmpliTaq Gold DNA polymerase was used (Roche) instead of AmpliTaq. The cycling conditions were 94°C for 12 min to activate the AmpliTaq Gold DNA polymerase followed by 30 cycles of 94°C for 30 sec, 57°C for 30 sec, 72°C for 30 sec, the last extension being 72°C for 10 min. The PCR products were electrophoresed on 2.5% agarose gels.
Nested Polymerase Chain Reaction (Nested PCR)
Nested PCR was performed with internal primers U and L, specific for the 450-bp sequence. One mL of the previous PCR product which was derived from human genomic DNA amplified with PSA primers, was used as target. The PCR mix was the same as described above using the AmpliTaq Gold DNA polymerase. PCR cycling was as follows: 94°C for 12 min to activate the DNA polymerase followed by 30 cycles of 94°C for 30 sec, 62°C for 1 min, last extension at 62°C for 10 min. The PCR products were electrophoresed on 2.5% agarose gels.
Cloning and Sequencing of PCR Products
PCR products were cloned into the pCRII-TOPO cloning vector (092008, Invitrogen, Carlstad, CA) following the manufacturer's instructions. The cloned inserts were sequenced with vector-specific primers using an automated DNA sequencer.
RESULTS
In our previous study (3), we identified and sequenced a 450-bp novel sequence from a lung carcinoma cDNA. This sequence was amplified in a PCR reaction employing the prostate specific antigen (PSA)-specific amplification primers PSA-A1 and PSA-A2. When this PCR product was cloned and sequenced, we obtained the results shown in Figure 1 . The PCR product usually contains the sequence of one amplification primer at one end, the amplified target sequence, and a sequence complementary to the second PCR primer (1) . Figure 1 shows that the PCR product contains primer PSA-A2 at one end and a sequence complementary to PSA-A2 primer at the other. This suggests that PCR amplification occurred with the action of one primer only, which annealed to both target DNA strands but in opposite orientations.
In order to verify that genomic DNA amplification is feasible with one primer only, we performed the following experiment. We amplified human genomic DNA using PSA primers PSA-A1 and PSA-A2, or PSA-A1 only or PSA-A2 only. When we analyzed the PCR products by agarose gel electrophoresis, no bands of the expected product were seen. In order to check if the sequence of Figure 1 is represented in the reaction mixture but in low abundance, precluding its detection by agarose gel electrophoresis and ethidium bromide staining, we performed nested primer PCR, using the internal primers U and L, on the previous three PCR reactions. The results are shown in Figure 2 . The 325-bp PCR product, expected from the nested primer PCR, is seen in lane 1 (template is PCR product generated with primers PSA-A1 and PSA-A2), lane 3 (template is PCR product generated with primer PSA-A2 only), and lane 4 (template is genomic DNA used as a control with primers U and L in a non-nested PCR reaction). In lane 2, no PCR product with the nested primer PCR is seen (template generated with primer PSA-A1 only). The data suggest that a single PSA primer (PSA-A2) is sufficient to amplify the 450-bp sequence of Figure 1 . The 450-bp PCR product from genomic DNA could not be detected on agarose gels after the initial PCR but its presence can be easily revealed by nested primer PCR specific for the 450-bp sequence, using primers U and L.
Further verification that this single primer PCR mediates exponential amplification of the 450-bp sequence was obtained with templates which are less complicated than genomic DNA. In Figure 3 , we amplified a plasmid in which we cloned a 5-Kb human genomic DNA fragment, containing the 450-bp sequence and flanking genomic sequences. In lane 1, we used primers PSA-A1 and PSA-A2. In lane 3, we amplified the plasmid with primer PSA-A1 only, and in lane 5, we amplified the plasmid with PSA-A2 primer only. It is clear that the 488-bp expected product (450-bp internal sequence plus 2 × 19bp of primer sequences) is amplified with PSA-A2 alone (lane 5) but not PSA-A1 alone (lane 3). Similarly, we have used as a template a 100-Kb human genomic DNA fragment, containing the 450-bp sequence and flanking sequences, cloned in a PAC vector (Figure 4) . In lanes 1 and 5, we obtained the expected 488bp PCR product using primers PSA-A1 and PSA-A2 and PSA-A2 alone, respectively. When PSA-A1 primer we used alone, no PCR product was obtained (lane 3).
We have also observed single primer PCR amplification with another set of primers, coded NES1-5´-5 and NES1-3´-5. These primers were derived from the cDNA sequence of the NES1 gene (5) which resides on chromosome 19q13.3-q13.4 (6) . While other primers derived from the same cDNA sequence did amplify the expected region of genomic DNA, as verified by sequencing of the PCR products (data not shown), this primer pair amplified a 493-bp product which was cloned into a pCR II vector and then sequenced. The sequenced product is shown in Figure 5 . We found that this product consists of the following: Primer NES1-5´-5 (19bp), an internal DNA sequence of 455bp and a 19-bp sequence complementary to primer NES1-5´-5. Thus, similarly to the data of Figure 1 , a single primer was able to initiate expo- In order to verify that primer NES1-5´-5 alone can amplify the sequence of interest, we performed the experiment shown in Figure 6 . In lane 1, we amplified the expected 493-bp product with genomic DNA as target, with primers NES1-5´-5 and NES1-3´-5. In lane 2, we amplified NES1-cDNA with these primers and obtained the expected shorter PCR product of 214bp. In lane 4, we amplified genomic DNA with primer NES1-5´-5 only and generated the 493-bp PCR product. When we amplified genomic DNA with primer NES1-3´-5 only, no amplification was seen (lane 7).
The reason for the ability of one primer to initiate exponential PCR amplification was further investigated in both cases. Because we had available the SacI plasmid containing the 450-bp sequence of Figure 1 plus flanking sequences, we designed sequencing primers which allowed us to sequence completely this 4.8-Kb insert (this sequence was deposited in GenBank, accession number AF038385). We then aligned this sequence along with primer PSA-A2 (Fig. 7) . It can be seen that although primer PSA-A2 was designed from the sequence of the PSA gene, which resides on chromosome 19q13.3-q13.4, there is a highly homologous region to this primer (16/19 matching nucleotides) on chromosome 5q12 (where the 4.8-Kb sequence resides) flanking the 450-bp sequence. Interestingly, there is also a reverse complementary sequence spanning 8 contiguous nucleotides, flanking the other end of the 450-bp sequence, on the same DNA strand. The presence of these regions, flanking the 450-bp sequence, explain the ability of the PSA-A2 primer to exponentially amplify the 450-bp sequence, as shown in Figure 7 .
We followed the same strategy to investigate the ability of primer NES1-5´-5 to exponentially amplify the sequence shown in Figure 5 . We first identified a PAC clone containing this sequence by screening a human PAC genomic library (2) (PAC 42H21). We then subcloned this PAC into a plasmid vector and identified a plasmid clone (~ 10Kb) that contains the sequence of Figure 5 . Using internal primers, we then sequenced regions flanking the sequence of Figure 5 . When we aligned primer NES1-5´-5 with the newly generated sequence, we obtained the data shown in Figure 8 . Again, although primer NES1-5´-5 was derived from the sequence of the NES1 gene on chromosome 19q13.3-q13.4, it is clear that there is a highly homologous region to this primer on chromosome 5p15.1-p15.3. Interestingly, there is also a reverse complementary sequence spanning 10 contiguous nucleotides, flanking the other end of the 455-bp internal sequence, on the same DNA strand. These regions allow exponential amplification of the internal sequence with one primer only.
DISCUSSION
The PCR method is used widely for research and clinical applications and, under appropriate conditions, it is a highly sensitive and specific technique. Nonspecific bands appear frequently in research applications. These bands usually originate from mispriming events which occur randomly, especially when a complex template, such as human genomic DNA is used as a target. Many mispriming events are not recognized since the PCR product may never reach enough concentration for detection on agarose gels. Recently, we identified a novel DNA sequence by PCR amplification with PSA gene-specific primers, followed by Southern blot hybridization (3). This 450-bp sequence had no homology with the PSA gene, from which the primers used for amplification were derived. After cloning and sequencing of this PCR product, it became evident that it originated by amplification with only one PSA primer (PSA-A2). The amplified sequence was mapped to chromosome 5q12. A 100-Kb human genomic DNA PAC clone containing this 450-bp sequence was isolated by screening a library. This PAC DNA was then subcloned into a plasmid and a 5-Kb region, containing the 450-bp sequence, was completely sequenced.
By using nested-primer PCR, we were able to demonstrate that this 450-bp region could be amplified from genomic DNA by use of only one PCR primer (PSA-A2). We have further demonstrated the same phenomenon by using either PAC or plasmid clones as targets. An additional example was provided in which a genomic DNA region residing on chromosome 5p15.1-p15.3 was amplified with one primer designed from the sequence of the NES1 gene, which resides (as PSA does) on chromosome 19q13.3-q13.4. Similar to the first example, the 455-bp amplified region with the NES1-specific primer had no homology with the NES1 gene but represented a sequence not previously deposited in GenBank. These two examples indicate that amplification of genomic DNA regions with one primer, whose sequence was derived from a different region of the genome, is possible and it is likely a frequent event.
The mechanism of such amplification was examined by first isolating PAC clones from a human genomic DNA library which contained the single primer amplified regions. By obtaining additional sequence flanking the single primer PCR amplification product on these PAC clones, we were able to construct regional maps and examine the homologies of primers PSA-A2 and NES1-5´-5 with flanking sequences of the PCR products (Figs. 7 and 8) . It is clear that the mechanism of PCR amplification with the single primer is the same on both occasions. Due to the presence of reverse complementary sequences on DNA (inverted repeats), separated by either 450 or 455 bases, the single primer could anneal to the two DNA strands as shown in the figures and mediate exponential amplification.
In theory, such reverse complementary sequences on DNA or RNA can cause nucleic acid looping (Fig. 9) . In DNA, this looping of both strands leads to structures called "cruciforms" (7, 8) . In RNA, the looping will form a hairpin (7). The physiological role of such putative structures is currently obscure.
Since these two examples were identified from a limited number of different PCR reactions in our laboratory (< 20 different PCRs), we believe that this phenomenon is frequent and should be kept in mind when unexpected bands appear after PCR amplification. 
